ABSTRACT In this paper, we design a mobility-aware user association strategy for millimeter-wave (mmW) networks to overcome the limitations of the conventional received power (RSS)-based association strategies in a mobile 5G scenario. More in detail, first the design of a mobility-aware strategy for user association in 5G mmW networks is posed as a constrained optimization problem. Then, it is showed that the proposed strategy exhibits several attractive features: a) it is able to track the dynamic changes in the network topology and in the channel conditions induced by the user mobility; b) it takes into account the distribution of the loads among the small base stations (sBSs), thus overcoming to associate an UE to an already congested sBS. This, in turn, affects positively the overall fairness of the network; c) it overcomes overly frequent handovers between sBSs, and thus the need of frequent re-association; d) it takes into account the peculiar aspects of the mmW communications, such as directionality, sensitivity to blockage, and NLoS propagation effects; and e) it is fully distributed, i.e., each mobile user associates to an sBS independently of each other, stemming from local information only. Furthermore, it is showed that the exhaustive search for the solution of the posed optimization problem is computationally unfeasible. Consequently, within this paper, an efficient algorithm exhibiting a polynomial-time complexity is proposed. Finally, the numerical results validate the benefits of adopting the proposed mobility-aware and fully distributed association rule. In particular, it is quantified the very significant performance enhancement of the proposed association with respect to the conventional RSS-based one.
I. INTRODUCTION
The fifth generation (5G) wireless communication paradigm has been proposed to face the bottleneck of current wireless systems in addressing the continuously growing demand for high data rate services [1] - [4] . To this aim, there is a general consensus in both the academia and the industry communities that network densification and the use of millimeterwave (mmW) are key technologies for enabling the 5G paradigm [1] - [4] .
The mmW communications are characterized by higher path-loss and stronger sensitivity to blockage than the microwave (µW) communications [2] , [4] - [7] . To face with these impairments, the small wavelengths of mmW frequencies allow for the implementation of a large number of antenna elements in a small space to make narrow beams (pencilbeams) [2] , [7] . With this directionality, the links established in the mmW band can be in the range of 200 meters [5] . Furthermore, the network densification generally helps mmW networks, since it increases the probability of serving small Base Station (sBSs) being in Line-of-Sight (LoS). Recent studies have shown that with such highly directional transmissions and sensitivity to blockage, a positive side effect is that the interference is greatly reduced, and so in many or most cases, mmW networks will be noise rather than interference-limited [4] , [5] , [7] .
These unique characteristics make mmW networks completely different from conventional wireless networks, which are instead mainly interference-limited. In particular, the aforementioned mmW channel characteristics, included the NLoS propagation effects [4] , have a significant effect on cell coverage, which indicates that the attainable throughput of mmW networks is highly dependent on the user association, i.e., the process that associates a user with a particular serving sBS. In fact, the user association governs the long-term resource allocation policies of a wireless network. Hence, it is urgently needed the design of new association rules for mmW networks as recently surveyed in [4] .
More in detail, the current standards for mmW communications, such as the IEEE 802.11ad and IEEE 802. 15 .3c, adopt the received power based user association rule, which associates a user with the sBS providing the maximum received signal strength (max-RSS) [4] . Such a rule appears rudimentary and ineffective for addressing the unique features of the emerging 5G networks [3] , [4] , [7] , [8] , due to the limited size of the sBSs cells and their dense deployment. In particular, the RSS-based association leads to an unbalanced number of users per sBS (unbalanced sBS loads), which limits the available resources per user in highly populated areas, while wasting resources in sparse areas. This in turn affects the network fairness, since overloaded sBSs cannot provide the same resources to their users as the underloaded sBSs. Moreover, RSS-based user association may result in overly frequent handovers between the adjacent sBSs and may increase the overhead/delay of re-association [4] .
The above described issues become even more crucial in mmW mobile environments as well-highlighted in [4] , to which we refer for a survey on the state-of-the-art about the mmW association rules. In fact, in presence of mobility, the network topology and the channel conditions vary in time. Hence, by associating a mobile user to the closest sBS, without taking into account the mobility patterns, may result in even more frequent handovers than in static environments. To date, to the best of our knowledge, this problem has not yet been investigated.
Hence in this paper, we design a mobility-aware user association strategy for mmW networks, to overcome the limitations of the conventional RSS-based association.
More in detail, first the design of the mobility-aware user association rule is posed as a constrained optimization problem. Then, it is showed that the association resulting by solving such a constrained optimization problem exhibits several attractive features:
a) It is able to track the dynamic changes in the network topology and in the channel conditions induced by the user mobility; b) It takes into account the sBS loads, thus overcoming to associate a UE to an already congested sBS. This in turn affects positively the overall fairness of the network; c) It overcomes overly frequent handovers between sBSs and thus the need of frequent re-association; d) It takes into account the peculiar aspects of the mmW communications, such as directionality, sensitivity to blockage, and NLoS propagation effects. e) It is fully-distributed, i.e., each mobile user, referred in the following as user equipment (UE) accordingly to the 3GPP terminology, associates to a sBS independently of other UEs and stemming from local information only. Regarding the feature labeled as e), it is widely recognized that distributed solutions alleviate the computational and signaling overhead with respect to centralized solutions, since they need only local and not global information.
Furthermore, it is showed, within the manuscript, that the exhaustive search for the solution of the posed optimization problem is computationally unfeasible. Consequently, for solving the posed optimization problem we also design an efficient algorithm, which exhibits a polynomial-time complexity.
Finally, the numerical results validate the benefits of adopting the proposed mobility-aware and fully-distributed association rule. In particular, it is quantified the very significant performance enhancement of the proposed association with respect to the conventional RSS-based one.
The rest of the paper is organized as follows: Section II describes the system model along with the adopted blockage models. In Section III, the fully-distributed and mobilityaware association strategy is designed. In this same section, the aforementioned properties of the proposed solution are showed along with the design of the computational-feasible algorithm. This section ends with a discussion about the proposed association rule. Section IV presents the numerical results that validate the significant benefits of adopting the proposed strategy. Finally, we conclude the paper in Section V and some proofs are gathered in the appendices.
II. SYSTEM MODEL
In the region A ∈ R 2 , B sBSs are deployed according to the spatial distribution f x B (x B ). 1 We denote the set of these sBSs as B = {1, 2, . . . , B}. In the same region, U mobile UEs move according to some mobility models characterized by a steadystate spatial distribution f x u (x u ) with u belonging to the set of UEs denoted as U = {u 1 , u 2 , . . . , u U }.
As widely done in literature [7] , [9] , we assume the sBSs capable of generating multiple pencil-beams, whereas the UEs are able to generate a single pencil-beam, due to the huge complexity of multiple beam generation. This agrees with the recent standards, including IEEE 802.11ad and IEEE 802.15.3c.
Each sBS serves the associated UEs in a time slotted fashion, with time slot duration T s , counting from time slot n = 1, according to a FIFO policy.
A. BLOCKAGE AND CAPACITY MODELS
In this subsection, we collect some definitions that will be used through the paper and Table 1 sBS b can be evaluated as follows:
We stress that equation (1) is valid regardless of the adopted models for the channel capacities and the LoS/NLoS probabilities. In particular, the theoretical analysis developed in Section III depends on the adopted blockage and channel model only through the use of the above generic function C u b (d) that in turn depends on: i) the probabilities of having LoS/NLoS connections between UE u and sBS b at distance d; ii) the corresponding achievable capacities of the UE-sBS pair (u, b). Hence, any arbitrary blockage and capacity model can be used and the analysis continues to hold. In the following, we introduce some specific choices for the sake of clarity.
Regarding the blocking, any model for P LoS u,b (d) and P NLoS u,b (d) can be adopted as the ones in [5] and [6] or the ones surveyed in [2] . The common feature of these blockage models, supported by experimental evidences, is to declare the viability of mmW cellular network up to cell radii on the order of 200 m [2] . Hence, the probabilities of having a LoS and NLoS connections go to zero for distances between a UE and a sBS beyond 200m.
Regarding the capacity model, we observe that the assumption of having noise-limited mmW networks has been considered and motivated extensively in literature [4] , [5] , [7] . In particular, in [4] it has been showed that this assumption holds even for high densities of mmW sBSs. Henceforth, this assumption will be considered within this paper. By taking into account this, the achievable LoS capacity of the UE-sBS pair (u, b) at a given relative distance d can be calculated as [4] , [6] , [7] , [10] :
where ξ u b (d) denotes the average SNR observed at the distance d between UE u and sBS b, in the mmW spectrum of
can be evaluated as in [4] or as in [7] to account for the directional gain of the mmW antennas that in turn depends on the beamwidth.
Similarly and in agreement with the literature, when a NLoS link is available for the UE-sBS pair (u, b) at a given relative distance d, we adopt the widely-used model that scales the LoS SNR with a factor [6] , [10] :
III. MOBILITY-AWARE ASSOCIATION DESIGN
The goal of this paper is to model and analyze a mobilityaware association rule for mmW networks with the objective of overcoming the limitations of the RSS-based association rules. Hence, in a nutshell, the problem is to decide to which sBS the mobile UE u should be associated with. This problem is addressed in this section, by accounting for the key features a) − e) described in Section I. To this aim, first some preliminaries are collected in Subsection III-A.
A. PRELIMINARIES
In the following, without loss of generality, we focus on the arbitrary UE u. Let us denote with t u 0 the arbitrary time at which UE u starts its association within region A, belonging, without loss of generality, to the arbitrary n 0 -th time slot of the sBSs. 2 The association is a long-term procedure, repeated every T u a corresponding to N u a sBSs time slots of duration T s . Definition 3. γ b denotes the maximum fraction of the resources that sBS b can allocate to a UE in an arbitrary time slot of duration T s . Definition 4. b denotes the time needed by sBS b for establishing a pencil-beam connection with an UE in an arbitrary time slot. Hence, this parameter accounts for the beam alignment overhead required to counteract the deafness in mmW networks. By accounting for Def. 3, it is very reasonable to consider b < γ b T s . Definition 5. ρ b (n) denotes the load of sBS b in the arbitrary time slot n ≥ n 0 , generated by the UEs already associated to such a sBS in that time-slot. Consequently, by defining 
with x u b (n 0 − 1) = 0 to account for the initial beam alignment overhead.
Stemming from the above definitions, in Propositions 1 and 2 we derive the achievable data load in an arbitrary time slot n ≥ n 0 , i.e., the maximum number of bits that could be exchanged between UE u and sBS b in the considered time slot by utilizing the mmW spectrum. Proof: See Appendix A. Proposition 2. Given that t u 0 at which UE u starts the association belongs to the n 0 -th time slot and that the load of sBS b in n > n 0 is ρ b (n), the conditional data load achievable by UE u, if it is associated to sBS b in n, is given by:
where
By accounting for the assumption b < γ b T s made in Def. 4, the integrals in Propositions 1 and 2 are no-negative. This is in agreement with the definition of data load. In fact, the maximum number of bits that could be exchanged between UE u and sBS b in the considered time slot cannot be negative.
B. DISTRIBUTED OPTIMIZATION PROBLEM
Let x u denote the matrix that collects the association indicators {x u b (n)} of UE u for each sBS and for each time slot within the association period, i.e., ∀n ∈ {n 0 , . . . , n 0 + N u a − 1}. We pose the following constrained optimization problem for the association in a mobile mmW network, whose objective function is the overall data load achievable within the temporal horizon N u a . Optimization Problem:
Subject to:
with u b (n) given in (6) if n = n 0 , given in (7) otherwise. The constraint in (8b) assures that in each time slot UE u is associated with at most one sBS, being the UE able to generate a single pencil-beam.
The constraint in (8c) implies that the total alignment cost accumulated in at most N u a time slots does not exceed a certain threshold, denoted as E b . Hence, by accounting for (5), it results that the proposed problem formulation accounts for the cost associated to change the serving sBS between two consecutive time slots. As an example, if E b = b , UE u can associate to an unique sBS, i.e., it is not possible for UE u to associate to different sBSs in the different time slots belonging to T u a . Remark 1. If the relative distance between UE u and a certain sBS does not fall in the mmW-transmission range in any time slot n ∈ {n 0 , . . . , n 0 + N u a − 1}, accordingly to the capacity expression (1), the resulting data load u b (n) in each time slot is zero. Hence, this sBS does not contribute to maximize the achievable data load in (8a), being so discharged by the UE as possible serving sBS. As a consequence, the dynamic variation of the set of sBSs with which UE u could establish a mmW communication induced by the user mobility is implicitly taken into account within the objective function (8a), through the expression of the achievable data load u b (n). Remark 2. The objective function in (8a), through the expression of the achievable data load u b (n) given in Propositions 1 and 2, is able not only to track the dynamics induced by the mobility (Remark 1), but also to take into account the peculiar aspects of the mmW communications: i) directionality, through the alignment cost b , ii) mmW channel propagation conditions including blockage and NLoS propagation effects through C u b (d(t)) in (1). Remark 3. Finally, the objective function in (8a), through the expression of the achievable data load u b (n) given in Propositions 1 and 2, is able to account for the sBSs loads. Specifically, when a sBS is congested in a certain time slot, it provides an achievable data load in that time slot equal to zero. As a consequence, such a sBS will not contribute to maximize the overall achievable data load (8a), being so discharged by UE u as possible serving sBS. This is proved formally in Lemma 1. This property constitutes a further important advance with respect to the RSS-based association rule. In fact, as widely recognized, RSS-based strategies do not account for the sBSs loads, and hence a UE may be associated with a congested sBS. Proof: See Appendix D. Remark 4. The above Lemmas imply that we do not need to insert in the optimization problem a constraint on the load, i.e., we do not need to impose that ρ b (n) < 1 and that the cumulative load accounting also for the UE u contribution is not greater than 1, since this is automatically taken into account in the objective function (8a) through u b (n) evaluated in Propositions 1 and 2.
C. FURTHER PROPERTIES
The aim of this section is to analytically disclose the dependence of the proposed optimization problem on some key parameters as the UE mobility patterns, the spatial distributions of the sBSs and the length of the period after which the association procedure is repeated.
To obtain insightful closed-form expressions, we exploit a very light assumption, i.e., we assume that b = , ∀b ∈ B and γ b = γ , ∀b ∈ B. Indeed, as pointed out in [11] , the sBSs can serve only UEs of the same operator. Hence, it is reasonable to assume that sBSs of the same operator devote the same fraction of resources to a UE and spend the same time for the UE alignment. Clearly, for different operators, different sets of sBSs could be individuated and the analysis continues to hold for each of these sets.
Under this assumption, the following results hold. 
Proof: See Appendix E Remark 5. Proposition 3 analytically proves that the communication opportunities of the arbitrary UE u increase linearly as the alignment cost decreases. This result is reasonable since, as the alignment cost decreases, more time can be devoted to the data transmissions. Furthermore, Proposition 3 analytically proves that the communication opportunities linearly increase with the association period
This result is reasonable since, by increasing T u a , the dynamics of the network topology induced by the mobility and the dynamics of the sBS loads induced by the UE traffic patterns are better exploited. In fact, the higher is N u a (equivalently T u a ), the higher is the dimensionality of the solution space of the optimization problem proposed in (8) . However, by increasing N u a , the time complexity of the proposed association procedure increases, as highlighted in Insight 2. Hence, there exists a trade-off between communication opportunities and complexity.
Corollary 1. By adopting the proposed association strategy when the alignment constraint in (8c) is the tightest one, i.e., ≤ E < 2 , the communication opportunities of the arbitrary UE u last for an average time T u o satisfying the following inequality:
where S u m denotes the average sojourn time UE u spends inside the mmW range of the sBSs.
Proof: See Appendix F Remark 6. Corollary 1 analytically proves that the communication opportunities of UE u increase with the average time the UE spends inside the mmW transmission range of the sBSs. The higher is the average sojourn time S u m , the higher is the time a UE has at its disposition to satisfy the requested traffic demand. The average sojourn time in turn depends on the mobility pattern of UE u along with the spatial distribution of the sBSs inside the network area, as proved in [12] 
In fact, as observed, T u a (equivalently N u a ) controls the dimensionality of the solution space of the optimization problem proposed in (8) . The higher is T u a , the higher are the performance in terms of the achievable throughput, at the cost of an higher time complexity and overhead. With this in mind, we further observe that if we set T u a ≤ S u m , it results that the upper bound in (9) is smaller than the upper bound in (10) . This constitutes a contradiction, since the result in Corollary 1 has been obtained by imposing the tightest alignment constraint, thus limiting the degrees of freedom with respect to the result in Proposition 3. 
D. DISCUSSION
In this section, we discuss some aspects of the proposed association rule.
Specifically, as from (8a), the proposed association strategy needs to evaluate the integrals derived in Propositions 1 and 2. To this aim, it needs the knowledge of: i) the path the UE is following within a time frame of duration N u a (or equivalently T u a ) to determine the distances {d(t)}; ii) the loads {ρ b (n)} of the sBSs in each time slot n ∈ {n 0 , . . . , n 0 + N u a − 1}. In this regard, we observe that, there is a general consensus in both academia and industry that it is unrealistic to expect universal coverage with mm-waves, for the reasons highlighted in the introduction. Hence, a likely deployment scenario is that a mmW network coexists with a traditional µW network [2] , [4] , [13] , [14] , with the µW network used for control signaling and the mmW network for data [2] , [13] , [14] . As a consequence, we can reasonably assume that µW network can be exploited to get the needed information about distances and sBS loads.
However, the following considerations can be made to limit the volume of the signaling traffic: i) UE devices are equipped with dedicated positioning systems (e.g. GPS) and users extensively utilize navigation apps running on the UE devices. Hence, it is reasonable to expect that each UE can access to the information about its own path. In this scenario, the µW spectrum could be exploited only to individuate the sBS subset ⊆ B that contributes to the sum in (8a). ii) the sBS loads vary on a scale in the order of hours and depend on the UE daily activities also in mmW scenarios [15] . By accounting for the mmW transmission range in the order of 200 meters and the usual UE velocities, also in the case of pedestrian velocities, it is reasonable to assume constant sBSs loads within T u a . Hence, a UE can receive through the µW network the information about the sBS loads in the time slot n 0 , i.e., {ρ b (n 0 )}, and then utilizes this information to estimate the loads in the subsequent time slots, by relying on the variability of the loads on a scale in the order of hours, i..e, ρ b (n) = ρ b (n 0 ) ∀n ∈ {n 0 + 1, . . . , n 0 + N u a − 1}. We further observe, in agreement with [2] , that, since there are not any actual mmW network deployments at the time of writing to compare against, any consideration is speculative, although the above made considerations seem quite reasonable to conclude that the volume of the signaling traffic is limited.
Finally, we observe that the analysis developed in this paper does not depend on the specific strategies adopted to estimate the sBS loads or the distances. If, in the future, more effective models for the loads, for example, will be available, it is enough to utilize these models to evaluate the integrals in Propositions 1 and 2.
7: // code: 8: // enforcing constraint (8c) 9: while
// check for a switch between current and next sBS Hence, the time complexity of the problem grows with the number of possible solutions, i.e., O N u aB . As a consequence of Insight 2, in Algorithm 1 we design a sub-optimal association algorithm, which exhibits a polynomial-time complexity.
Specifically, the algorithm works by evaluating, for each time slot in T u a and for each sBS within the mmW transmission range during T u a (this set is denoted in the Algorithm asB ⊆ B), the achievable data load in the worst-case, i.e., by assuming to pay in each time slot the alignment cost regardless of the change in two consecutive time slots of the serving sBS (line 3). The achievable loads are evaluated accordingly to Propositions 1 and 2. In lines 10-11, as long as a non-null data load exists and the alignment constraint in (8c) is satisfied, the algorithm selects in each time slot the sBS maximizing the data load in the considered time slot. Once this sBS is individuated, the data load achievable by utilizing in that time slot a different sBS is set to zero in order to satisfy the constraint (8b) (line 12). Furthermore, in lines 13-24 the alignment cost is updated, with a cost payed if and only if the serving sBS changes between two consecutive assignments. 
IV. NUMERICAL PERFORMANCE
In this section, we validate the proposed association procedure by Monte Carlo simulations.
Specifically, we consider the realistic scenario depicted in Fig. 1 , showing a possible UE path (blue line) within Via Montenapoleone Fashion District, in the centre of the Italian city of Milan. For an accurate and realistic sBS placement, the sBSs are placed at the same location of existing and operating wi-fi hotspots installed by the Municipality of Milan [16] . The red disk-shaped regions are only used for illustrative purposes of the mmW transmission range. The adopted blockage model for evaluating the LoS/NLoS probabilities (Definitions 1 and 2) is the one proposed in [5] and [6] , since this model was validated in a urban environment, as the one considered in this section.
As pointed out in Insight 2, the exhaustive search for the solution of the optimization problem (8) is computational unfeasible. Consequently, we report in Fig. 2 the performance comparison between the exhaustive search and the search obtained with Algorithm 1. Then, in the subsequent performance analysis, we focus only on the polynomial-time complexity Algorithm 1.
Specifically, Fig. 2 reports on the y-axis the ratio between the achievable data load assured by Algorithm 1 and the achievable data load assured through an exhaustive search of the solution for (8) . Such ratio is referred in the figure and in the following as R P O . On the x-axis, instead, the ratio between the alignment cost and the duration of the sBS time slot, i.e., b /T s , is reported. The results are obtained by setting T u a = 1s and T s = 0.2s for computational feasibility, whereas the UE moves at a constant velocity equal to 5 Km/h, through the UE path showed in Fig. 1 .
As it results from Fig. 2 , as long as the alignment cost b is shorter than the 1% of the duration of the sBS time slot T s , the polynomial-time complexity algorithm shows the same performance of the exhaustive search, whereas for longer values a performance degradation is observed. This is reasonable: Algorithm 1 achieves a polynomial time complexity at the price of a sub-optimality in terms of alignment cost minimization. However, the performance degradation is light. Specifically, for b equal to 10%T s , Algorithm 1 looses roughly 1.5% with respect to the exhaustive search. Since it is unreasonable to assume an excessive alignment cost with respect to the sBS time slot, we could conclude that the performance assured by Algorithm 1 are comparable with the one assured by the exhaustive search with the advantage of a polynomial time complexity. Fig. 3 reports on the y-axis with a log-scale, the ratio between the achievable data load assured by adopting Algorithm 1 and the achievable data load assured by adopting the conventional RSS-based association procedure. Such ratio is referred in the figure and in the following as R P S . On the x-axis, instead, the duration of the association period, i.e., T u a , is reported. The results are obtained for three different values of the UE velocities, i.e. 10Km/h, 15Km/h and 20Km/h, when T s = 0.2 s.
As it results from Fig. 3 , as long as the association period lasts few sBS time slots, the proposed algorithm does not show an appraisable gain with respect to the conventional RSS-based association procedure. This is expected. In fact, Algorithm 1 cannot exploit its capability of tracking the dynamics induced by UE mobility when N u a is very small. This agrees also with the theoretical analysis developed in Section III, since by decreasing N u a , the dimensionality of the solution space decreases as well. The aforementioned described effect decreases by increasing the UE velocity. In fact, the higher is the UE velocity, the higher is the loss in term of achievable data load of the conventional RSS-based association procedure, since the variations of the network topology are faster. In particular, we observe that with only T u a = 7s and 20 Km/h, Algorithm 1 assures a roughly double achievable data load with respect to the RSS-based one. With this same velocity, Algorithm 1 assures an achievable data load seven times higher than the one achievable by adopting the RSS-based association when T u a = 10s. We finally, observe that in this simulation we disadvantage the proposed algorithm with respect to the RSS-based one, since we assumed that all the sBSs have the same average loadρ b = 1/2, with load uniformly distributed in [0, 1]. As analyzed in Section III, our proposal, instead is able to take advantage from unbalanced load distributed as proved by the next simulation. Fig. 4 reports the ratio between the achievable data load assured by adopting Algorithm 1 and the achievable data load assured by adopting the conventional RSS-based association procedure, R P S , as function of T u a . The results are obtained for four different sBS average load values. Specifically, the blue curve refers to the case in which all the sBSs have the same average loadρ b = 1/2. Differently, the red, the yellow and the purple curves refer to the case in which the sBSs are split To separate the effects of the mobility from the ones of the sBS load distributions, and to prove that also in absence of mobility our proposal is able to assure better performance with respect to the RSS-based association, we assume that the UE velocity is equal to 5Km/h, and that T u a is within the range [1, 10] s. Hence, in this time horizon, the UE can be considered almost static.
As it results from Fig. 4 , as long as the average load is not identical among the sBSs, the gain of the proposed association is 15% with respect to the RSS-based association even for the lowest considered values of T u a , and it overcomes 35% for T u a = 10. This agrees with the theoretical analysis developed in Section III, where it was showed that our proposed association strategy is able to account for the sBS loads. Specifically, when a sBS is congested in a certain time slot, it is efficiently discharged by UE u for the association. Differently the RSS-based association rule does not take into account the sBSs loads and hence it is possible that a UE is associated to a congested sBS.
In Fig. 5 the experiment reported in Fig. 4 is repeated for a different values of the UE velocity, i.e., 10 Km/h. It is very evident that the gain assured by the proposed association strategy increases, for all the considered values of the loads, when the mobility increases. This further validates that the proposal is able to take advantage from the dynamic variation of the network topology induced by the mobility. 
V. CONCLUSION
In this paper, we have designed a mobility-aware user association strategy for mmW networks to overcome the limitations of the conventional received power (RSS)-based association strategies. We proved that the proposed strategy exhibits several attractive features: a) it is able to track the dynamic changes in the network topology and in the channel conditions induced by the user mobility; b) it takes into account the distribution of the loads among the small base stations (sBSs), thus overcoming to associate a UE to an already congested sBS; c) it overcomes overly frequent handovers between sBSs, and thus the need of frequent reassociation; d) it takes into account the peculiar aspects of the mmW communications, such as directionality, sensitivity to blockage, and NLoS propagation effects; e) it is fullydistributed, i.e., each mobile user associates to a sBS independently of each others, stemming from local information only. Furthermore, since the exhaustive search for the solution of the proposed association problem is computationally unfeasible, we designed an efficient algorithm exhibiting a polynomial-time complexity. Finally, the numerical results validated the significant benefits of adopting the proposed association.
APPENDIX A PROOF OF PROPOSITION 1
Accordingly to Definition 5, t b (n 0 ) = [(n 0 − 1) + ρ b (n 0 )] T s accounts for the portion of the n 0 -th time slot of sBS b occupied by the UEs already associated to b. The random time t u 0 , at which the association procedure starts, could be either greater or smaller than t b (n 0 ). These two cases impact on the time the evaluation of the conditional achievable data load in the n 0 -th time slot starts.
Specifically, when t b (n 0 ) < t u 0 ≤ n 0 T s , UE u starts its association procedure in a time in which sBS b has already satisfied the requests of the UEs already associated to it.
Hence, UE can evaluate the conditional achievable data load in n 0 , starting from t u 0 , by paying the alignment cost b , being n 0 the first time slot. In particular, we observe that, since UE u is mobile, the distances between UE u and sBS b vary in time. Consequently the capacity in (1) is a function of the time. Hence, to evaluate the conditional achievable data load, we need to integrate the capacity with respect to the time to account for the variability of the distances with the time. Clearly, since in principle b + t u 0 could be greater than n 0 T s , in the integral one has to consider the minimum between t u 0 + 1 u b (n 0 ) b and n 0 T s . Furthermore, a UE has at its disposition at most γ b T s resources in a time slot. Since in principle γ b T s + t u 0 could be greater than n 0 T s , in the integral one has to consider the minimum between γ b T s + t u 0 and n 0 T s . Consequently, the proof follows.
Similar reasonings hold when (n 0 − 1)T s ≤ t u 0 ≤ t b (n 0 ). The difference is that under this condition, UE u starts its association procedure in a time in which sBS b has not already satisfied the requests of the UEs already associated to it. Consequently, UE u can evaluate the conditional achievable data load starting from t b (n 0 ).
APPENDIX B PROOF OF PROPOSITION 2
The proof follows by adopting similar reasonings as in Appendix A, by observing that since the association procedure started in a previous time slot, i.e., being n > n 0 , UE u can evaluate the conditional achievable data load starting from t b (n), determined by the load ρ b (n) of sBS b in this time slot.
APPENDIX C PROOF OF LEMMA 1
The proof follows directly from Propositions 1 and 2 by accounting for the definition of t b (n). Specifically, let us suppose for absurdum that ρ b (n) = 1. In such a case, t b (n) = nT s either if n = n 0 or n > n 0 and hence from (6) or (7) it results u b (n) = 0. As a consequence, within the objective function (8a) such sBS will not contribute to maximize the overall achievable data load and hence it is discharged by the association procedure. This constitutes a reductio ad absurdum and hence the proof follows.
APPENDIX D PROOF OF LEMMA 2
The proof follows directly from Lemma 1 and Propositions 1 and 2. In fact, accordingly to Lemma 1, if UE u is associated in a certain time slot to sBS b, ρ b (n) < 1. Since according to Propositions 1 and 2, γ b is the maximum fraction of T s that can be allocated to UE u, it results that the sum of the sBS load and the contribution to the load of UE u cannot exceed one. VOLUME 5, 2017 
